The particle-induced instrumental background of X-ray observatories is dominated by the highly energetic Galactic Cosmic Ray (GCR) primary protons, electrons, and He ions depositing some of their energy as they pass through the detector. The interactions of these primary particles with the detector housing produce secondary particles that mimic X-ray events from celestial sources and constitute the particle-induced background. We investigate the short and long-term properties of the unfocused particle background of the XMM-Newton EPIC-pn camera taken in the small window mode (SWM), with the filter wheel closed. We then compare the results with the SWM observations of astrophysical sources taken through the thick and thin filters. The long term variability of particle-induced background shows strong modulation with the solar cycle, indicating that this background is mostly dominated by GCRs. We find that valid events within a 30 pixel radius of the particle events are highly correlated with these GCR particle primaries. The spectral properties and branching ratios of valid events show some variation, depending on their origin, i.e., particle-induced or astrophysical sources. These results can be used to characterize and reduce the non-X-ray background in XMM-Newton and future silicon-based X-ray detectors.
1. INTRODUCTION X-ray studies of the assembly processes of extended large scale structures, constraints on cosmology and the nature of dark matter, and studies of the cosmic X-ray background that holds clues about the formation of the first black holes are among the primary science goals of current (e.g., Chandra, XMM-Newton, and SRG) and future X-ray telescopes (Athena, Lynx) (Nandra et al. lestial sources. At lower energies (<1 keV) the dominant component is thermal emission from the Galactic Halo contributing at intermediate and high Galactic latitudes (Burrows & Mendenhall 1991; Snowden et al. 1991; Warwick 2002; Lumb et al. 2002) and the Local Hot Bubble, a region of hot plasma (T ∼ 10 6 K) mostly filling the local cavity extending 100 pc away from the Sun (Snowden et al. 1998) . Another component, which is composed of C VI, O VII, O VIII, Ne IX, and Mg XI line emission at lower energies (< 1 keV), is the solar wind charge exchange produced when highly charged solar wind ions interact with neutral atoms in the solar system (Robertson & Cravens 2003; Koutroumpa et al. 2006) . Unresolved X-ray emission from distant astrophysical sources, e.g., Active Galactic Nuclei (AGNs), contributes a power-law continuum spectrum that dominates at higher energies (>1 keV) with a possible change in slope at lower energies and has been extensively studied in the literature, e.g., Lumb et al. (2002) ; Moretti et al. (2009) . The magnitude of this component varies with position on the sky and it clearly suffers from cosmic variance (Hickox & Markevitch 2007) . If an observation is deep enough to resolve the brightest sources (e.g., the strong shot noise), the residual contribution reaches to the expected cosmic variance given the Log N -log S relation (see for example Fig. 9 in (Moretti et al. 2009 ) and discussion therein).
The non X-ray background due to particles in missions operating above the Earth's magnetic belts consists of two major background components: soft protons focused by the mirrors onto the focal plane and particle-induced instrumental background. Soft protons that are generated in the Solar corona and in the Earth's magnetosphere with energies less than a few 100 keV can follow the optical path through the telescope and be focused onto the detectors. The spectral shape of this component can be described by a power-law continuum with highly variable magnitude and slope ). When present, soft protons can increase the total background intensity by three orders of magnitude on short timescales of 10-10 4 s . They deposit most of their energy near the surface of the detector and produce valid event patterns (Gastaldello et al. 2017) .
On the other hand, the unfocused particle-induced internal detector background is generated by energetic Galactic Cosmic Ray (GCR) primaries with energies from several tens of MeV to several GeV. GCR particles consisting of protons, electrons, and He ions are subject to variations over the Solar cycle. These incoming particles interact with the detector and produce secondary particles. The interactions constitute the major components of the unfocused portion of the particle-induced instrumental background Snowden et al. 2008; von Kienlin et al. 2018 ). Based on their high total energies or the pattern of pixels excited in the event, particle events generated by primary GCRs are mostly discarded on board by the event processing (e.g., by the Minimum Ionizing Particle, MIP, rejection algorithm for XMM-Newton) to prevent them from saturating the limited bandwidth for telemetry (Lumb et al. 2002) . However, the secondary electrons and photons due to this unfocused component deposit charge in the detector that it is challenging to distinguish from X-ray events from celestial sources and thus contribute significantly to (and often dominate) the quiescent instrumental background.
Quantifying the particle-induced instrumental background of X-ray observatories is not a trivial process and needs careful examination of observations while the detector is not exposed to sky. The XMM-Newton observatory, carrying two types of silicon-based X-ray detectors on board, the European Photon Imaging Camera (EPIC) MOS (Turner et al. 2001 ) and the EPIC pn (Strüder et al. 2001) , provides an excellent opportunity to explore the instrumental background of silicon-based X-ray detectors. The unexposed corners of the XMMNewton EPIC MOS detector that are masked off and the MOS data obtained when the filter wheel is in the closed position (FWC data) serve as estimators of the particle background for each observation that are used in the X-ray analysis of faint extended sources (De Luca & Molendi 2004; Gastaldello et al. 2017) . The particle background of XMM-Newton EPIC-pn is difficult to predict and eliminate due to the fact that the unexposed region on the detector is small, i.e., statistics on the background level is limited.
In this paper, we examine the long-term variability of the unfocused EPIC-pn background. We present results from an analysis of all archival EPIC-pn data in the small window mode (SWM) with the filter wheel closed and MIP rejection disabled. The filter wheel closed observations with 1.05 mm of Al shielding do not allow any photons from celestial sources or soft protons to reach the focal plane. Additionally, all of the pixel data from both valid events and normally rejected particle tracks (GCR primaries) are telemetered to the ground in SWM mode observations. This set-up provides a unique opportunity to quantitatively investigate the relationship between the energetic primaries (i.e., GCRs) and the secondaries that mimic X-rays from celestial sources which constitute the dominant component of the instrumental background. We describe our sample and data analysis methods in Section 2. Our results for the XMMNewton EPIC-pn SWM observations are described in Section 3. Our conclusions are given in Section 4.
This work was originally performed as part of a program to develop algorithms for improved background characterization and reduction for the Athena WideField Imager (WFI) Science Products Module (SPM) (Burrows 2018; Bulbul et al. 2018; Grant 2018) . One of the goals of the SPM would have been to use the full data stream from the WFI, not just the ground science event data available to the observer, to reduce the instrumen-Case A Case B Case C Figure 1 . Frames with just particle tracks (Case A), valid events (Case B), and both particle tracks and valid events (Case C) are shown. The circles in red mark the detected primary particle events, while the green circles show the secondary valid events.
tal background. In an effort to better understand the instrumental background in X-ray observatories, we examined the XMM-Newton EPIC-pn SWM data as described in this paper and modeled the WFI background using the GEANT4 software (Tenzer et al. 2010 ). The latter modeling was done using the measured particle background at the Athena orbit (L2) with a mass model of the flight instrument (von Kienlin et al. 2018) . Results from this study will be presented in a separate publication (Miller et al. 2019 ).
XMM-NEWTON EPIC-PN DATA ANALYSIS 2.1. Filter-Wheel Closed Slew and Pointed Observations
The EPIC-pn CCD camera is one of the primary instruments on on-board XMM-Newton, with a collecting area of ∼2500 cm 2 at 1 keV and a 27.2 arcmin by 26.2 arcmin field of view over the broad energy range of 0.1 keV to 12 keV (Strüder et al. 2001) . The XMMNewton EPIC-pn data used in this work were taken during slews when the filter wheel was closed and performed in the SWM. In this mode, a 63 pixel by 64 pixel (4.3 arcmin by 4.4 arcmin) region on detector CCD4 is active and the read-out time is 5.67 ms, roughly a factor of 13 faster than the full-frame readout time of the primary science observing mode (full frame mode). A total of 310 observations have been completed since 2007, with typical exposures of 3-7 ks, adding up to a total exposure time of 1 Ms. The observation IDs and exposure times of the slew FWC observations are given in Table  4. FWC observations are performed with 1.05 mm aluminum shielding, preventing low-energy soft protons and X-rays from celestial sources from reaching the EPIC-pn detector. Thus, FWC exposures contain only the particle-induced internal detector background, generated as a result of interactions of energetic Galactic Cosmic Rays (E>100 MeV) with the material surrounding the EPIC-pn camera. Additionally, in the observations taken in the SWM set-up, the standard minimum ionizing particle (MIP) rejection algorithm, which identifies and automatically eliminates the pixels above a certain energy threshold and invalid patterns identified on board from the telemetered data, is inactive. As a result, these observations represent an ideal data set to characterize the long term behavior of the XMM-Newton EPIC-pn internal background, since the ground observer has full access to all pixels above a threshold set by the ground observer. The data consist of electronic readout noise (at lowest energies, hot pixels, columns, and readout noise), primary high energy GCRs, secondaries generated by high energy galactic cosmic rays, and particleinduced X-rays (continuum and fluorescent lines, von Kienlin et al. 2018) .
The SWM frame time is sufficiently short in a sufficiently small readout area that the particle rate is much smaller than the frame rate. We thus have the unique opportunity to associate the normally rejected chargedparticle events with the valid events that comprise the instrumental background. Since these observations are mostly dominated by the unfocused X-ray background, we use the term non-X-ray background (NXB) for these FWC slew observations hereafter.
For a comparison, we also examine the pointed XMMNewton EPIC-pn SWM observations from two celestial sources: observations of the AB Doradus star system with the closed and thick filters, and a supernova remnant SNR 21.5-09 performed with the thin filter. The details of these observations are given in Table 5 . The AB Doradus observations with the closed filter are not expected to include any source photons (NXB dominated), while the observation with the thick filter is expected to be dominated by soft protons. A detailed analysis of the comparison between these two observations with different set-up will be explored in another article (Bulbul et al., in prep) . SNR 21.5−09 observations, on the other hand, are dominated by photons from the supernova remnant in the FOV in the 2-7 keV band, while the contribution from the non X-ray background is subdominant. These pointed observations, taken in the Figure 2 . Left: The fraction of frames with just primary particle events (red; Case A), just secondary valid events (blue; Case B), and with both valid and particle events (green; Case C) as a function of time. Curve in black shows the total rate of particle events. Strong modulation with the Solar cycle observed for all the frames indicates that the XMM-Newton EPIC-pn unfocused background is dominated by Galactic cosmic rays. Right: Zoom onto Case B and Case C frame to enhance the visibility of the Solar modulation cycle.
SWM set-up, are similarly telemetered to the ground with the "on-board" MIP rejection algorithm inactive, thus including all pixels above the energy threshold.
Having a longer uninterrupted exposure time, these data provide information on short term variability of the unfocused X-ray background.
Data Reduction and Analysis
We first run the standard the Science Analysis Software SAS algorithm epchain to eliminate hot pixels and columns from the data and to form event lists for single exposures and for a given list of CCDs from the relevant observation data files (ODF). We note that a nonstandard parameter setting is selected in the epchain runs to switch off the "on-ground" MIP rejection. We then construct individual frames from the event files using the frame rate of 5.67 ms. The total number of frames constructed is given in Table 4 . We examined a total of ∼1.86×10
8 frames in the XMM-Newton EPICpn slew observations in this work. These observations span 10 years covering a full solar cycle.
After the construction of frames, we run an image segmentation algorithm on each frame to identify the independent event islands. This algorithm finds connected pixels and traces the long charge tracks of the energetic particle interactions. The charge of each event island is determined by the total charge enclosed in that particular event island. The centroids of these event islands are defined by the maximally charged pixel. We then assign a pattern ID by the pattern detection algorithm, i.e., epchain, to each event island.
The standard XMM-Newton EPIC-pn event processing flags event islands with pattern ID≤12 as valid events, while particle events are marked with pattern IDs > 12
1 . The pattern ID is related to the number and pattern of the CCD pixels triggered for an X-ray event above a certain threshold. The pattern IDs with 0 mark valid single pixel events, double pixel events are marked with pattern IDs 1-4, while triple and quadruple events have pattern IDs of 5-8 and 8-12, respectively. We note that in this FWC data set, the valid events are dominated by secondary particles that are produced by interactions of primary GCRs with the surroundings of the instrument. This component is mostly composed of secondary electrons and photons that deposit their energy in the active volume of the detector. The contributing secondary electrons are generated in ionization processes, while the secondary photons are mainly generated in bremsstrahlung and inelastic scattering processes (see von Kienlin et al. 2018 for more detail). In this work, we only consider valid events in the 2-7 keV energy band to avoid low-energy detector noise, unless otherwise noted. The event islands marked with pattern IDs >12 are mostly the incoming background GCR particles (∼200 MeV-GeV), and Supra-Thermal Ions (STIs), mostly protons, accelerated in the Heliosphere to energies up to <100 keV hitting the detector (von Kienlin et al. 2018). These particle event islands are identified based on their patterns and the total charge encapsulated within the island. For most of these energetic events, there exists more than one pixel with a total charge exceeding the saturation level of the analog-todigital converter (ADC; corresponding to 22.5 keV when MIP rejection is off). In those cases, the centroid of a particle event island is the maximally charged pixel last read by the image segmentation algorithm. We next analyze the data sets on a frame-by-frame basis and identify event islands and divide the frames into four categories: frames with just particle tracks (Case A), frames with only valid events (Case B), frames with at least one particle track and at least one valid event (Case C), and frames with no particle tracks or events (Case D). This categorization allow us to examine the frames with particle primaries without a secondary (Case A), secondaries that are created by particle primaries but not detected on the same frame (Case B), and the frames with the primary particle events and their secondaries detected on the same frame (Case C). Figure 1 illustrates the subdivision of frames. We find that overall the total number of Case A frames is 2089948, while 39186 of the frames are in the Case B, and 5175 of the frames are in Case C categories.
Classification of Frames

RESULTS
In the next subsections, we investigate the spectral properties, light curves, and spatial correlations between valid events and particle tracks in Case A, B, and C frames in detail.
Long Term Variability
Investigating the temporal changes in the number of frames, we find that the overwhelming majority of the frames are empty and fall under the Case D category independent of solar cycle or orbit (see Figure 2) . We find that overall the total number of Case A frames is 2089948 (1.12% of the total), while 39186 (0.02%) of the frames are Case B, 5175 (0.003%) of the frames are Case C, and the remainder (98.8%) are empty Case D frames (see 1). The temporal changes in the fractional A, B, and C frame rates are shown in Figure 2 . The clear modulation with solar cycle observed in the fraction of Case A, B, and C frames is consistent with the previously observed modulations in the count rates in unexposed corners of MOS2 detector, EPIC Radiation Monitor on board of XMM-Newton (Gastaldello et al. 2017) , and Chandra high energy (12-15 keV) count rate for the ACIS-S3 CCD as a function of year.
2 GCR flux is modulated in anti-correlation with solar activity due to the solar wind (Neher & Anderson 1962) . While, Tthe 2 http://space.mit.edu/cgrant/cti/cti120/bkg.pdf Earth's magnetic field provides a varying degree of geomagnetic shielding from these GCR particles, the level of the modulation depends on the energy of GCRs. The observed modulation on the SPIC-pn datashows that the FWC data are dominated by GCRs.
Branching Ratios of Valid Events
Having the largest number of valid events, Case B frames dominate the unfocused background of the XMM-Newton EPIC-pn. We next examine the branching ratios, i.e., the fraction of the patterns of the valid events (singles, doubles, triples, and quadruples) in Case B frames, where only secondary events are detected. We detect a total number of 39190 valid events in non X-ray background observations (i.e., slew filterwheel-closed observations listed in Table 4 ). The fractions of these valid patterns in Case B frames are shown in Table 2 . Of the total valid events, 65.6±0.2% of them are singles, 31.3 ± 0.2% are doubles, while 1.47 ± 0.06% and 1.59 ± 0.06% are triples and quadruples, respectively. Comparing these ratios with Case B frames observed in the closed filter AB Doradus observations, of the total 4172 valid events, 65.3 ± 0.7% are singles, 32.1 ± 0.7% are doubles, and triples and quadruples make up 1.0 ± 0.1% and 1.6 ± 0.2% of them, respectively. These pattern fractions are consistent with the ratios observed in the NXB slew observations, indicating that the 2-7 keV energy band of the AB Doradus observations with the filter closed is also dominated by the unfocused background of the XMM-Newton EPICpn. Case B frames for the SNR 21.5−09 observations include a total of 170114 valid events and have a lower fraction of singles (61.6 ± 0.1%) and a larger percentage of doubles (34.5 ± 0.1%) is detected compared to the AB Doradus and NXB observations.
In Case C frames of the NXB observations, we find a total of 3622 valid events in the 2-7 keV band. The majority of the valid events (67.8 ± 0.8%) are singles, while doubles make up 30.1± 0.7% of the total events. We find that 1.0±0.2% and 1.1±0.2% are triples and quadruples, respectively. Fractions of the valid patterns in Case C frames are shown in Table 2 . Examining AB Doradus observations with the closed filter, we find a much lower number of valid events (a total of 322) in the Case C frames compared to Case B frames, consistent with the results we find in NXB observations (see Figure 2 ). Of these events 69.4 ± 2.6% are singles, 28.5 ± 2.5% are doubles, 1.0 ± 0.6% and 1.0 ± 0.6% of them are triples and quadruples. The branching ratios in this band are consistent with the fractions of valid event patterns observed in the slew NXB SWM data, indicating that the 2-7 keV band of AB Doradus observations is dominated by the EPIC-pn's unfocused X-ray background, as in the Case C frames.
In Case C frames in the SNR 21.9-05 observations (a total of 4663 frames), the fraction of singles is lower (60.7 ± 0.7%), while doubles are higher (35.9 ± 0.7%) Case B Case C Case B Case C Case B Case C Singles 65.6 ± 0.2 67.8 ± 0.8 65.3 ± 0.7 69.4 ± 2.6 61.6 ± 0.1 60.7 ± 0.7 Doubles 31.3 ± 0.2 30.1 ± 0.7 32.1 ± 0.7 28.5 ± 2.5 34.5 ± 0.1 35.9 ± 0.7 Triples 1.47 ± 0.06 1.0 ± 0.2 1.0 ± 0.1 1.0 ± 0.6 2.0 ± 0.6 1.7 ± 0.2 Quadruples 1.59 ± 0.06 1.1 ± 0.2 1.6 ± 0.2 1.0 ± 0.6 1.9 ± 0.6 1.6 ± 0.2 compared to both NXB dominated slew and AB Doradus observations in the source dominated hard band. Sparse statistics of triples and quadruples do not allow us to compare their branching ratios to the unfocused X-ray background. The key result here is that the valid events that make up the instrumental background have slightly different branching ratios to celestial X-rays in the 2-7 keV band. Since SNR 21.9-05 has a harder spectrum, the split event ratios are expected to be higher than the split event ratios in the non X-ray background.
Time Interval Between Valid Events
We further investigate whether there is a temporal correlation between the arrival times of valid events. The distribution of the arrival times of successive events in Case B frames in the 2-7 keV energy band is shown in Figure 3 . If the valid events are independent of each other, the distribution is expected to be exponential, with a time constant close to the mean time between events (the reciprocal of the mean rate of Case B frames). We find that the mean difference in the arrival times of the valid events in Case B frames is 26.7 second, which is comparable to the time constant of the exponential distribution. There is no evidence of a characteristic time interval between events shorter than the mean time interval. This also confirms that the 2-7 keV band is dominated by the unfocused background and that our filtering has removed most of the instrumental artifacts associated with the long reset time constant of the output amplifiers (Freyberg et al. 2004 ). We do not find any significant departures from expectations in the arrival time of valid events depending on the particle environment.
Spectral Properties of Valid and Particle Events
We first extract spectra of all valid events based on their patterns in Case B frames (see Figure 4) . Overall the spectra of singles and doubles are quite flat, while the spectra of triples and doubles are slightly positively sloped towards higher energies. Additionally, we removed events that are located at the detector boundaries since it is challenging to determine if the event detected at the boundary is a single pixel event or is the partially collected charge of an event that landed off the active area of the detector.
Next, we investigate the spectral properties of the particle tracks in Case A and C frames. The total energy of particle tracks is obtained by summing the charge in spatially connected pixels found by our image segmentation algorithm. We then generate the spectra of these particle events and normalize them by the total frames in each observation (as given in Table 4 ). The spectra of the particle events are shown in Figure 5 . The overwhelming statistical power in Case A frames (see We then overplot the spectra of particle events in Case C frames from all epochs (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) in red in Figure 5 with the same bin size of 7 keV. Due to the limited number of Case C frames, we combine all particle events detected between 2007 and 2017. Figure 5 shows spectra of particle events in Case A and Case C frames (left) and the difference between them (right). The spectra of the particle events in Case A frames are strikingly similar to one another and independent of the solar cycle. We find a significant difference between the spectra of particle events that are detected in Case C frames and those detected in Case A frames. We observe a steeper slope in the energy band < 200 keV in the Case A spectra, and above > 200 keV the Case C spectrum flattens. This may indicate that the particle events that create showers of valid events while passing through the detector housing (in Case C frames) originate from a different particle population or geometry than primary particles detected in Case A frames. The observed flattening of the spectrum of Case C frames above 1.5 MeV is likely due to combination of limited statistics, lack of sensitivity, and ADC saturation limit.
Spatial Correlation Between Particle and Valid Events
We further examine the distribution of distances between the centroid position of the valid and particle events in Case C frames. In both cases, the centroids of the events are determined by the maximally charged pixels. In the case of the particle event islands, when highly energetic particles interact with the detector, often more than one pixel gets charged at the ADC saturation limits, i.e., 22.5 keV with MIP rejection off. In these cases, the center of the event is marked as the last saturated pixel in an event island to be read. The distribution of distance between particle events and their secondary valid events for the slew NXB observations is shown in blue in Figure 6 . The form of the distribution expected for uncorrelated events in these frames is plotted as a dashed yellow curve. The significant excess of event pairs at small separations indicates that the valid events in the immediate <30 pixel area around the particle events are highly spatially correlated with the associated particle track. We note that, due to the small active area of the detector in the SWM observations (63 pixel ×64 pixel), our analysis is not sensitive to correlations at large scales.
As a next step, we divide the valid events based on their patterns and reexamine the spatial correlations of singles, doubles, triples, and quadruples. We find a similar correlation between these patterns and particle events independent of their patterns. We also looked for energy dependence in the correlation between particle tracks and related events by dividing particle events into categories: particles with low-energies, < 200 keV, and high energy particles with > 200 keV (see Section 3.4). We do not observe any differences in the spatial correlation between valid events and particle tracks as a function of energy of the particle events.
Next, we examine the spatial correlation between valid/particle event pairs observed in Case C frames for the pointed observations through the closed filter of the AB Doradus star system (green distribution in Figure  6 ). As expected, this histogram is similar to the one for the slew NXB observations (e.g., there is a significant excess at small spatial scales up to 30 pixels) indicating that the 2-7 keV band is dominated by the unfocused X-ray background.
The shape of the spatial correlation between valid events and particle tracks for the SNR 21.5-0.9 data (red in Figure 6 ) is similar to the form expected for uncorrelated events (yellow curve). However, the distribution of separations is more peaked than expected for pairs of randomly distributed events. This is because, although a particle is equally likely to land anywhere on the detector, the supernova is centered on the chip, causing the distribution of source photons to be peaked there. This indicates that the 2-7 keV energy band for the SNR 21.5−09 observations is dominated by photons from the supernova remnant and the unfocused X-ray background is subdominant.
These results are the basis of the self-anti-coincidence (SAC) method, used to reduce secondary events associated with a particle primary. This method of partial vetoing of valid events around particle tracks shows promise at reducing the systematic error produced by the instrumental background at the expense of eliminating events from real source X-rays (based on private communication with Silvano Molendi). We find that by eliminating events that fall within 30 pixels of the peak of a particle track, the particle-induced background of the XMM-Newton EPIC-pn can be reduced Pulse-height spectra of the particle events in Case A frames. The data have been divided into five time intervals to sample the variation of the particle spectra with the Solar cycle and normalized by the number of frames in each period. Over-plotted in red is the pulse-height spectrum of the particle events in Case C frames between 2007 and 2017. The periodic structure observed at high energies is an aliasing effect due to binning and ADC saturation limit. Flattening of the spectrum of the red (Case C) histogram above ∼200 keV relative to the other histograms (Case A) is clearly visible. Right Panel shows the difference between the normalized pulse height spectra of Case A frames and Case C frames.
by ∼10% (see Figure 7) . The results summarized here from the XMM-Newton EPIC-pn FWC observations can be used to reduce the particle background level of the future silicon-based X-ray detectors. For instance, the earlier EPIC MOS results were used to optimize FWC rotation strategy to sample particle background component during Athena WFI observations of faint objects (Gastaldello et al. 2017; von Kienlin et al. 2018 ).
Short Term Variability of the Particle Environment
Owing to the long term coverage of the XMM-Newton EPIC-pn slew observations with the filter-wheel closed between years 2007 and 2017, we are able to probe short term variability of particle events in Case A frames. We examine the light curves of particle events in Case A frames in five epochs defined by the phase of the solar cycle as shown in Figure 2 The variability of the rate of particle events in Case A frames in 10 observations taken close together in time, with 100 s binning, is shown in Figure 8 for each epoch. We note that the observations used in producing light curves in this section differ from the observations used to generate the spectra in Section 3.4. The mean, standard deviation, and skewness of the light curve counts of these particle events are given in Table 3 . The dashed curves indicate a normal distribution with Poisson standard deviation. There is no statistically significant variability of the particle tracks in any epoch.
We find that the mean values of the particle counts vary between 133 and 276, depending on the solar activity (see Table 3 ); however, the standard deviations (12-19) are remarkably small and independent of solar cycle. The mean of particle event counts observed per 100 s can be as high as 276 during solar minimum, while it can be as low as 133 during solar maximum. In general, each distribution is well-matched to the Poisson distribution expected for a constant mean rate (shown in dashed curves). We do not observe significant irregularities or outlier particle events in the light curves. Similarly, we examine the light curves of particle events in Case A frames of the pointed XMMNewton EPIC-pn SWM observations of AB Doradus and SNR 21. Figure 6 . The distribution of distances between valid events in the 2-7 keV energy band and the particle events detected in Case C frames of the NXB with closed filter (in blue), SNR 21.5−09 with thin filter (in red), and AB Doradus with closed filter (in green). The dashed curve in yellow indicates the expected distribution for uncorrelated event pairs. Valid events in the immediate ∼ 30 pixel vicinity of the particle events in NXB and AB Doradus observations are highly correlated, indicating that the 2-7 keV band of these observations are dominated by the unfocused background of XMM-Newton EPIC-pn. Although statistics of Case C frames are limited, an evidence of spatial correlation in small spatial scales (<30 pixels) is visible in the AB Doradus observations on the right panel. The two-point correlation function in the SNR 21.5−09 observations shows a distribution consistent with the theoretical distribution of uncorrelated events, indicating that 2-7 keV band is dominated by the emission from the supernova remnant.
observed during those observations. These count rates are consistent with the count rates we observe in NXB dominated slew observations. The SNR 21.5−09 observations were also taken in 2017 while solar activity was approaching minimum. The observed mean value of 239 indicates that these observations were performed when the solar activity was at miminim.
We also show distributions of the number of valid events in the 2-7 keV energy band in Case B frames in Figure 9 , binned for longer time intervals (200 s) to allow for the lower event rate. Similarly, we do not observe any significant deviations from Poisson distributions for the numbers of particle related events in the filter-wheel closed data.
CONCLUSIONS
In this work, we present analysis of the unfocused Xray background of the XMM-Newton EPIC-pn operating in small window mode with a fast frame time. These observations were taken while XMM-Newton was slewing to a variable source that was to be observed in SWM, while the filter-wheel was in the closed position and the MIP rejection algorithm was turned off. This dataset uniquely allows us to study temporal, spectral, and spatial properties of particle primaries and their secondaries generated as a result of the interactions with the detector housing, which constitute the unfocused instrumental background for the science observer. We also compare our results from the unfocused background, NXB, . Pulse-height spectrum of valid events detected in Case B and C frames (in red). Rejecting valid events associated with a primary GCR by using SAC with a 30 pixels exclusion radius would reduce the particle-induced background level of the XMM-Newton EPIC-pn by ∼10% in the 2-7 keV energy band. The resulting background spectrum is shown in dashed blue.
with the pointed filter closed observations of a star system AB Doradus and observations of a supernova remnant SN 21.5−09 taken with the thin filter. Owing to the large number of frames, we were able to independently study the frames with just primary particles (Case A), with just secondary valid events (Case B), and with both primary particle and secondary valid events (Case C). Our major results are as follows.
• Examining the branching ratios of event morphologies, we find that the vast majority of valid events in Case B frames of NXB observations are single pixel events (65.6 ± 0.2%) and double pixel events (31.3 ± 0.2%). Comparing these ratios with the observations of a supernova remnant, we find that in both cases, Case B frames have a significantly smaller fraction of singles (61.6 ± 0.1), and larger fraction of doubles (34.5 ± 0.1%). The fraction of singles in Case C frames of the unfocused NXB (67.8 ± 0.8%) is also higher compared to that in the supernova observations (60.7 ± 0.7%). In both cases, the differences are statistically significant. That is, the valid events in the instrumental background have somewhat different branching ratios than those of the celestial X-rays.
• The mean difference between the observed arrival times of successive valid events in Case B frames matches the reciprocal of the event rate, as expected. We do not observe any structure in the distribution of the time intervals suggestive of a temporal correlation between background events, or detector or background effects on the time interval between valid events. As expected, all background events appear to be independent and uncorrelated.
• The energy spectrum of the particle tracks in frames with valid events is somewhat flatter than that of the tracks in frames with no valid events. This result indicates that the particle events detected with secondary events in the same frame (Case C) might be due to a different population of particles passing through, or a different geometry compared to the primary particle events that do not generate secondary showers in the detector housing.
• We find a significant spatial correlation between particle and valid events in Case C frames on small spatial scales up to 30 pixels (4500 microns) of the unfocused background observations with the closed filter in the 2-7 keV band. In the observations of the supernova remnant SNR 21.5−09 no spatial correlation between the valid events and particle events is observed, as expected. Rejecting valid events ("self-anticoincidence"' or "SAC") within 30 pixels around the primary GCRs reduces the absolute level of the particle-induced background of XMM-Newton EPIC-pn by ∼10% in the 2-7 keV energy band.
• Light curves of particle events in Case A frames display a tight distribution, with mean particle counts of 133 to 276 per 100 s bin, depending on the phase of the solar cycle. The mean number of particle events per 100 s bin can be as high as 276 during solar minimum, while it can be as low as 133 during solar maximum. The sample standard deviations of the count per 100 s bin are consistent with expectations for Poisson distributions with the observed means. There is no evidence for any short-term temporal variability in the GCR component of the instrumental background, beyond what is expected for Poisson noise. These means and distributions can be used to monitor particle rates and estimate the level of unfocused background of future X-ray imaging detectors.
• Light curves of valid events (secondaries generated by primary GCRs) also display a tight distribution around the mean, consistent with the expected Poissonian distribution. Similarly, there is no significant evidence for any short-term temporal variability in the secondary background events. These observed rates closely correlate with the solar cycle and particle rates and can be used to predict the level of unfocused X-ray background.
Similar analyses of the unfocused component of the X-ray detector background have been performed on the Chandra stowed ACIS data and the Neil Gehrels Swift Telescope XRT data (e.g., Bartalucci et al. 2014; Grant 2018; Bulbul et al. 2018) . Results we present in this work should help to understand and reduce the particle Table 3 ), we can infer that the filter closed observations were taken during solar maximum, while the 2017 observations were performed during solar minimum. The unfocused background level measured in the FWC data and solar activity are closely correlated.
background level in other Si-based X-ray detectors (e.g., the Wide Field Imager on Athena and the eROSITA instrument on board the Spectrum Roentgen Gamma observatory). The SWM frame time of 5.67 ms is similar to the Athena WFI default frame, allowing us to validate GEANT4 simulations of the Athena WFI unfocused background (see Miller et al. 2019) . Beyond validating the GEANT4 simulations for the Athena WFI, this study also lays the ground work for application of self-anticoincidence to reduce the unfocused background in silicon-based X-ray detectors, e.g. WFI on board of Athena (Nandra et al. 2013) , eROSITA on board of SRG (Merloni et al. 2012) , EPIC on board of XMM-Newton (Jansen et al. 2001) , and HDXI on board of Lynx (Gaskin et al. 2019 ). The results obtained from this work will be used to develop both on-board and ground-based algorithms to better characterize and improve background rejection for siliconbased X-ray imaging detectors. The self-anticoincidence method, and the results presented in this work, will help reduce the Athena WFI particle background and increase the signal-to-noise in background-dominated observations, such as galaxy cluster outskirts and deep surveys, enhancing the science return of Athena. 
